and thus defines a novel animal model for this disease.
Notably, incubation of membrane fractions from wildwere identified by Southern blot analysis, exploiting a newly introduced EcoRV site. Using an external 3Ј probe, a 2.5 kb fragment was detected for the mutant allele. Two independent properly targeted ES cell clones were injected into blastocysts to generate chimeric male mice. These animals then were crossed with C57/BL6 female mice to establish germline transmission of the mutation. Mice heterozygous for the GlyT1 mutant allele (GlyT1 ϩ/Ϫ ) appeared phenotypically normal and showed undisturbed development and fertility. Intercrossing of the heterozygous mice generated wild-type (ϩ/ϩ), heterozygous (ϩ/Ϫ), and homozygous (Ϫ/Ϫ) GlyT1 mutant mice. Mouse genotyping was carried out by Southern blot analysis of mouse tail DNA ( Figure 1B) . The homozygous mutants (GlyT1 Ϫ/Ϫ ) were delivered at normal Mendelian ratios, indicating that there was no increased embryonic mortality in the mutant animals. The absence of the wild-type GlyT1 transcript and protein in the GlyT1 Ϫ/Ϫ mice was confirmed by RT-PCR ( Figure 1C ing an abnormal body posture while dropping their forelimbs ( Figure 3A) . As a second parameter to monitor neurological reflexes, we also tested their "pinching reHomozygous GlyT1 Ϫ/Ϫ Mice Die within the First Day of Birth sponse" behavior. When picked up and nipped by their tail, newborn mice tended to spread out their legs while Homozygous GlyT1 Ϫ/Ϫ pups appeared externally normal but, unexpectedly, died on the day of birth, indicating producing a characteristic vocalization. As opposed to the wild-type and heterozygous neonates, the GlyT1 that GlyT1 is dispensable for embryonic development but essential for postnatal survival. GlyT1 Ϫ/Ϫ mice mutant animals only reacted weakly to strong mechanical stimuli (Table 1) . In summary, GlyT1 Ϫ/Ϫ newborn mice weighed ‫%51ف‬ less than their control littermates (Table  1) , most likely because of their inability to suckle and a showed severe motosensory deficits characterized by lethargy, hypotonia, and hyporesponsivity. lack of milk in their stomachs ( Figure 3A) . The newborn mutant pups survived for some hours but gradually beNotably, GlyT1 Ϫ/Ϫ mice exhibited severe disturbances of breathing. To measure in vivo respiratory motor activcame weaker and failed to thrive, with death occurring 6-14 hr after birth. Heterozygous GlyT ϩ/Ϫ animals, in ity in control and mutant mice, plethysmographic recordings were performed using a modified barometric contrast, developed normally, without any significant differences to wild-type littermates. 
lar breathing as recorded during periods without limb
In an attempt to verify whether inactivation of GlyT1 may cause adaptive changes in synapse densities, brain or body movements. Breathing patterns and respiratory frequencies were not significantly different between stem and spinal cord sections were stained with antibodies specific for the synaptic components described both genotypes ( Figure 3C ). In contrast, GlyT1 Ϫ/Ϫ newborn animals displayed a severe depression of respiraabove ( Figure 4J) . No difference in the typical punctate staining, i.e., the synaptic localization, of GlyR␣ (Kirsch tory frequencies to 16% (p Ͻ 0.001) of those of wildtype pups (Figures 3B and 3C) . The durations of single and Betz, 1995) was detected when comparing GlyT1 Ϫ/Ϫ and control sections. Likewise, the density of gephyrin breaths were only marginally longer, but expiratory intervals were considerably prolonged. The irregularity of puncta indicative of inhibitory postsynaptic membrane specializations (Kneussel and Betz, 2000) was not albreathing was characterized by a 4-fold increase of the coefficient of variation (p Ͻ 0.001, Figure 3D) Figure 5C ). In preparations from wild-type the rate of synthesis of these proteins did not change upon GlyT1 deficiency (Table 2) .
animals, no significant changes in burst frequency and interburst interval were observed in the presence of tion of the GABA A receptor antagonist bicuculline (1-2 strychnine. Also, no differences in rise time and burst M) did not lead to a normalization of burst patterns duration were found between slices from wild-type and (n ϭ 3, data not shown). GlyT1 Ϫ/Ϫ mice ( Figures 5D and 5E) . Notably, the applicaTo more directly examine the effects of GlyT1 gene deletion on glycinergic transmission, whole-cell voltageclamp recording was performed in hypoglossal motoneu- neurons (1.7 Ϯ 1.7 s, n ϭ 6) was lower than in wild-type that seen under control conditions (n ϭ 3, p ϭ 0.005), which recovered upon washout ( Figures 7A and 7B ). cells (8.6 Ϯ 6.6 s, n ϭ 5; p ϭ 0.03; Figure 6C ), whereas the averaged IPSC amplitude in GlyT1 Ϫ/Ϫ neurons Furthermore, application of the GlyT1-specific inhibitor sarcosine also produced a dose-dependent slowing of (46.1 Ϯ 13.6 pA, n ϭ 6) was not significantly smaller than in wild-type cells (51.4 Ϯ 9.8 pA, n ϭ 5; Figures 6D the rhythmic burst pattern in preparations from wildtype mice (Figures 7C and 7D) . At a concentration of 2 and 6E). In addition, the IPSC decay time was significantly prolonged upon GlyT1 Ϫ/Ϫ deficiency (GlyT1 Ϫ/Ϫ , mM, sarcosine reduced the network activity to 15.2% of wild-type values (n ϭ 4, p ϭ 0.002). Interestingly, no 14.2 Ϯ 2.1 pA, n ϭ 6; wild-type, 9.3 Ϯ 0.6 pA, n ϭ 5, p ϭ 0.001; Figures 6F and 6G) . regular rhythm could be induced in slices from GlyT1 Ϫ/Ϫ mice by application of the NMDA receptor blockers MKApplication of strychnine reduced the steady-state holding current (I hold ) in identified hypoglossal motoneu-801 and AP-5; even in the presence of both drugs, burst frequencies were unaltered (0.03 Ϯ 0.04 Hz, n ϭ 3; Figrons from GlyT1 Ϫ/Ϫ animals (⌬I ϭ 62.2 pA; p ϭ 0.01, n ϭ 4), whereas no significant change was observed in ures 7E and 7F). These results imply that the depression of respiratory network activity is not due to increased preparations from wild-type mice (Figures 6A and 6H) . Similarly, the increased synaptic noise seen in GlyT1 Ϫ/Ϫ NMDA receptor activity resulting from elevated glycine levels in the cerebrospinal fluid. neurons was reduced to wild-type levels after application of strychnine ( Figure 6B ). Taken together, these data indicate that the suppression of respiratory network Discussion activity seen in GlyT1 Ϫ/Ϫ mice is due to an increased accumulation of extracellular glycine, which leads to a Here, we report a genetic analysis of the in vivo function of the glial GlyT subtype, GlyT1, in the mouse central sustained activation of inhibitory GlyRs.
Consistent with this interpretation, superfusion of nervous system. Inactivation of the GlyT1 gene by homologous recombination caused a complete loss of wild-type slices with 1 mM glycine produced a strong suppression of in vitro respiratory activity to 3.2% of transporter expression, as demonstrated by Southern
blotting, RT-PCR, Western analysis, and [
3 H]glycine uptake assays. Our data confirm the authenticity of the GlyT1 Ϫ/Ϫ line and exclude the possibility that loss of GlyT1 may lead to compensatory changes in the expression of functionally closely related transporter proteins, e.g., the neuronal isoform GlyT2. The severe phenotype observed in the homozygous mutant mice thus can be confidently attributed to GlyT1 ablation. 
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